Zinc (Zn) supplementation source and particle size of feed ingredients are two factors that can affect poultry performance and should be considered for proper feeding of poultry. The objective of the current study was to assess the effects of Zn supplementation source and corn particle size on broiler performance, breast yield, and tibia Zn concentration. Treatments were arranged in a 5 × 2 factorial randomized complete block design with the main effects Zn treatment and corn particle size (550 micron vs. 1,050 micron). Zinc treatments included a basal diet (no added Zn), 80 mg/kg Zn sulfate, and 3 diets with 40 mg/kg Zn sulfate + 40 mg/kg of either Zn-glycine amino acid (AA) chelate (Zn-gly), Zn-AA complex (Zn-AA), or Zn bis(-2-hydroxy-4-methylthio)butanoic acid (Zn-HMTBA). A total of 8 replications per treatment were fed to 23 broilers per pen from d one to 40. A Zn treatment x corn particle size interaction was observed for ending bird weight (EBW; P < 0.05) demonstrating that feeding small particle corn produced larger broilers except when supplemental Zn was not included. Broilers fed small particle corn or diets supplemented with Zn consumed the most feed (P < 0.05); however, FCR was decreased (P < 0.05) by 1.9 points for broilers fed large particle corn diets. Tibia Zn concentration was higher (P < 0.0001) for Zn supplemented diets, but no other treatment effects were observed. In conclusion, Zn supplement source had little effect on broiler performance; however, Zn supplementation per se optimized performance.
DESCRIPTION OF PROBLEM
Zinc (Zn) is a cofactor for over 240 endogenous enzymes including DNA and RNA synthesis, thermocyte development, and reproductive processes [1] [2] [3] . Zinc deficiencies cause decreased feed intake and, consequently, decreased growth performance [1] . The NRC (1994) [4] requirement for Zn in broiler diets is 40 mg/kg. The requirement is based primarily on peer-reviewed articles prior to 1994, and is extrapolated from other avian species after 3 wk 1 Corresponding author: jsmoritz@mail.wvu.edu of age [5] . Studies used to support the NRC requirements for trace minerals generally use purified or semi-purified diets, due to variability in grain content and poor knowledge of bioavailability [5] . Dietary Zn status is known to influence oxidative damage [6] . Liu et al. [7] reported that adding 60 mg/kg dietary supplemental Zn increased tissue antioxidant concentration and activities in broilers, which may become more valuable with the continued recession of antibiotic growth promoter usage. These factors being considered and low cost of inorganic trace minerals, commercial nutritionists allow a generous safety margin to ensure there are no deficiencies [5] .
Inorganic Zn supplements have traditionally been used in diet formulation due to low costs. However, research has shown that organic Zn chelates have higher bioavailability than inorganic sources [8] [9] , subsequently reducing environmental impact via reduced manure loading of Zn [3, 10] . Partially replacing inorganic Zn sources with organic chelates also has been shown to decrease footpad lesions and improve skin quality [11, 12] . Richards et al. [9] found that the relative bioavailability of a Zn amino acid chelate was 160% compared to Zn sulfate, based on tibia ash. Improvements in absorption can be attributed to decreased antagonistic reactions with dietary components within the gastrointestinal (GI) tract, such as phytate, calcium, copper, and other trace minerals [13, 14] .
Corn particle size is also known to influence broiler performance and nutrient availability. Research shows that feeding coarse particle corn, in mash diets, to broilers improves weight gain and feed efficiency [15] [16] [17] . However, this is less clear in broilers fed pelleted diets [16] . Nir et al. [18] reported that increasing geometric mean diameter (GMD) of ground corn, from 600 to 2,000 μm, was positively related to gizzard holding capacity and weight, while being inversely related to gizzard pH. The passage rate of diets with large particle corn is slower [19] and increases nitrogen and lysine retention [20] . Pellet quality has been shown to be adversely affected by increasing corn particle size due to decreased surface area, which allows for less contact points for binding within the pellet [21] . Past research shows that increasing pellet quality is beneficial for broiler performance [22] and, therefore, most commercial poultry diets utilize diets containing grain of relatively small particle size [23] . Svihus [23] stated that using small particle grain, or diets lacking structural components, also leads to suboptimal performance in regard to nutrient utilization. Therefore, it may be speculated that increasing grain particle size, thus reducing feed passage rate, may increase micronutrient utilization as long as pellet quality is maintained.
The objectives of the current study were to minimize the effect of corn particle size on pellet quality in order to determine the effects of partial replacement of inorganic Zn (Zn sulfate) with various Zn chelates and corn particle size on broiler performance, breast yield, and tibia Zn.
MATERIALS AND METHODS

Experimental Design
Treatments consisted of a 5 × 2 factorial arranged in a randomized complete block design with main effects Zn treatment and corn particle size. The experimental unit was one pen of 23 Hubbard x Cobb straight-run broilers. Blocking criterion was pen location within the room and there were 8 replications per treatment. Diets consisted of either small or large (550 or 1,050 μm) GMD ground corn and the following 5 Zn treatments: no supplemental Zn, 80 mg/kg Zn sulfate (ZnSO 4 ), 40 mg/kg Zn sulfate + 40 mg/kg Zn-glycine amino acid (AA) chelate (Zn-gly), 40 mg/kg Zn sulfate + 40 mg/kg Zn-AA complex (Zn-AA), or 40 mg/kg Zn sulfate + 40 mg/kg Zn bis(-2-hydroxy-4-methylthio)butanoic acid (Zn-HMTBA).
Feed Manufacture
All feed was manufactured at the West Virginia University pilot feed mill. Basal diets were formulated on a digestible AA basis to meet or exceed NRC (1994) [4] recommendations and average nutrient usage concentrations in the United States [24] , with the exception of Zn. The vitamin/mineral premix utilized at a 0.25% inclusion resulted in 0.0068 mg Zn/kg of the complete diet, while the basal diet had a total analyzed Zn concentration of 31.8 to 44.5 mg/kg (Table 1 ). Prior to feed manufacture, whole kernel corn was ground via hammermill to obtain targeted particle size. The small particle corn was manufactured by grinding 2 times through a 2.0 mm screen opening. To obtain the large particle treatment, corn was first ground through a 10.0 mm screen opening and then reground with no screen. Corn particle size was analyzed by processing a 100 g representative sample through a RO-TAP RX-29 [25] . Geometric mean diameter and geometric standard deviation (GSD) of corn used for each growth phase is shown in Table 2 .
Basal diets with the corresponding corn particle size were batched and divided into 5 equal allotments. The appropriate Zn supplement was then added to each allotment and remixed prior to pelleting. Sand was used as filler in place of Zn supplements for the no supplemental Zn treatment. All diets were conditioned at 82
• C for ∼10 s and extruded through a 4.8 × 38.1 mm pellet die using a 40-HP California pellet mill [26] . Starter (d one to 10) and grower (d 11 to 22) diets were fed as a crumble and the finisher (d 23 to 40) diets were fed as intact pellets. Dietary treatments varied only in corn particle size and Zn supplement source. Cooled pellet samples were collected for pellet durability analysis. Pellet durability was determined by a New Holmen Pellet tester [27] . Descriptive feed manufacture and pellet durability data are shown in Table 2 .
Birds and Housing
A total of 1,840 Hubbard x Cobb 500 straight-run broiler chicks was obtained from a 
Data Collection
Pens of broilers and feed hoppers were weighed at the beginning of the study and at the end of starter, grower, and finisher phases (d one, 10, 22, and 40, respectively). Lighting and feed access were removed 8 h prior to collection. Variables measured included feed intake (FI), live weight gain (LWG), ending body weight (EBW), and mortality corrected feed conversion ratio (FCR). Variables were measured for overall (d one to 40) performance, as well as each growth phase (d one to 10, 11 to 22, and 23 to 40). Feed conversion ratio was corrected for mortality using the following equation:
Additionally, mortality was recorded as a percentage of period starting bird number.
On d 40, 3 male broilers per pen were randomly selected and euthanized via cervical dislocation for hot breast yield analysis upon completion of weighing each pen. Boneless, skinless breast tissue was removed and yield was recorded based on individual live bird weight. The left tibia of each bird (3 birds per experimental unit) was excised for tibia ash and Zn analysis. Soft tissue was removed and tibiae were dried to a constant weight in a drying oven at 100
• C. Tibiae (pooled for each pen) were fat extracted using a soxhlet apparatus in petroleum ether for a minimum 16 h and ashed in a muffled furnace at 600
• C for 18 hours. Ash content was analyzed for Zn concentration via inductively coupled plasma mass spectrometry at a commercial laboratory [29] .
Statistical Analysis
Variables were analyzed in a 5 (Zn treatment) x 2 (corn particle size) factorial in a randomized complete block design with fixed effects. The experimental unit was a pen of 23 straightrun broilers. Analyses were completed using the PROC GLM procedure of Statistical Analysis System (SAS) [30] for one-way ANOVA with α set at 0.05. Grower (d 11 to 22) and finisher (d 23 to 40) period data were analyzed using ANCOVA with period starting bird weight as a covariate to remove confounding bird weight differences and LS means were reported. When the F test was significant, means were separated using Fisher's LSD post hoc comparison. Table 2) . Amerah et al.
RESULTS AND DISCUSSION
[31] reported that decreasing corn particle size from 530 to 300 μm improved New Holmen pellet durability (93.8% vs. 91.8%). Chewning et al. [32] reported similar results (3 to 4% difference) when comparing 300 vs. 600 μm corn. Past research shows that such a modest improvement in pellet quality would not be expected to affect broiler performance [33] .
Zn treatment x corn particle size interactions were observed for overall (d one to 40) FI per bird and ending body weight (EBW). Feed intake per bird was increased when birds were provided small particle corn, with the exception of the diet without supplemental Zn (Table 3) . Supplementing Zn to small particle corn treatments improved EBW/bird by ∼170 g, but this same effect was not observed for large particle corn diets. All treatments had similar EBW except for the small corn particle basal and large particle Zn-AA treatments (Table 3) . Svihus [23] reported that broilers fed diets lacking structural components (e.g., small particle size or low fiber) may over-consume feed, leading to impaired nutrient utilization due to increased feed passage rate. The primary concern with Zn deficiencies in broilers is decreased feed intake and performance [1] . However, EBW was 100 g higher (P < 0.01) for birds fed the diet without supplemental Zn and large particle corn compared to birds fed the diet without supplemental Zn and small particle corn suggesting larger particle size had a significant benefit to performance in this instance. During the overall growth period, FCR was decreased by 1.9 points in broilers fed diets utilizing large particle corn (P < 0.01). However, there were no differences among Zn treatments (P = 0.50). These results are similar to those of Liu et al. [7] , in which there were no differences in average daily feed intake (ADFI), average daily gain (ADG), or feed:gain based on Zn source. Echeverry et al. [34] also reported no performance benefits to feeding diets with 50% organic:50% inorganic trace mineral supplements vs. 100% inorganic trace mineral supplements. It is important to note that Zn concentration in the diet without supplemental Zn was between 31.8 and 44.5 mg/kg (Table 1) . Therefore, NRC (1994) requirements are already met in the starter and grower diets before supplementing Zn. Research has shown that Zn content in a typical corn-soybean broiler starter diet can vary from 20 to 45 mg/kg [5, 8, 35, 36] . During the overall growth period, broilers fed diets with large particle corn and no supplemental Zn had similar EBW compared to diets with supplemental Zn, without compromising FCR. These data suggest that within the current study, NRC (1994) requirements for Zn may be sufficient for adequate broiler performance when the corn particle size within crumbled or pelleted diets is 1,050 μm.
Examining phase specific growth performance, LWG/bird was increased by 4.0 and 11 g (P < 0.01) when diets contained small particle corn for starter (d one to 10) and grower (d 11 to 22) phases, respectively (Table 4) . These data correspond with increases in FI/bird, 9.0 g for starter and 14 g for grower (P < 0.001), while there were no significant differences in FCR (P = 0.36; P = 0.85). Hence, reducing corn particle size from 1,050 to 550 μm may be beneficial for the first 22 d post hatch per se. Nir et al. [17] suggested that the optimal corn particle size for juvenile broiler chicks was between 700 and 900 μm in mash diets. Additionally, supplementation of Zn at 80 mg/kg (regardless of source) increased FI/bird and LWG/bird (P < 0.05) during starter and grower phases without compromising FCR (Table 4) . Interestingly, the most pronounced effect in the finisher phase was a 3.7 point reduction in FCR (P < 0.01) in favor of large particle corn diets. Birds fed the small particle corn diet without supplemental Zn had reduced FI/bird compared to all other small particle corn treatments in the finisher phase (Table 4). These data are in agreement with Lott et al. [37] that crumbled diets utilizing 1,170 vs. 710 μm reduced weight gain up to 21 d, but diminished at 42 days. Means within a column with no common superscript differ significantly (P < 0.05). 11 Actual corn particle size: Small = 528.9 μm (starter), 547.3 μm (grower), 538.6 μm (finisher); Large = 1,053.9 μm (starter), 970.7 μm (grower), 1,117.0 μm (finisher). 2 No Suppl = no supplemental zinc; ZnSO 4 = 80 mg/kg zinc sulfate; Zn-gly = 40 mg/kg zinc sulfate + 40 mg/kg zinc-glycine amino acid chelate; Zn-AA = 40 mg/kg zinc sulfate + 40 mg/kg zinc-amino acid complex; Zn-HMTBA = 40 mg/kg zinc sulfate + 40 mg/kg zinc bis(-2-hydroxy-4-methylthio)butanoic acid. 3 Hot breast tissue taken on d 40 demonstrated a 22.9 g increase in breast weight (P < 0.05) and 0.5% increase in yield (P < 0.05) for broilers fed small particle corn diets compared to broilers fed large particle corn diets (Table 5) . Past literature has suggested that increasing structural components in a diet past a critical point adversely effects muscle accretion due to expenditures in gizzard growth and function [23] . Due to feed conversion benefits within the finisher phase and overall growth period, bone mineralization and Zn concentration analyses were completed only for large particle corn treatments and the small particle corn diet without supplemental Zn (Table 5) . Bone mineralization was not affected by Zn treatment (P > 0.05). Conversely, tibia Zn concentration was increased (P < 0.0001) in treatments with supplemental Zn compared to treatments without supplemental Zn. Similarly, Huang et al. [38] found that tibia Zn content increased as dietary Zn increased. In layers, Manangi et al. [39] found no differences in tibia breaking strength for the main effect of Zn source. Table 4 . Hubbard x Cobb straight-run broiler performance within starter, grower, and finisher phases. Means within a column with no common superscript differ significantly (P < 0.05). Means within a column with no common superscript differ significantly (P < 0.05). 1 Actual corn particle size: Small = 528.9 μm (starter), 547.3 μm (grower), 538.6 μm (finisher); Large = 1,053.9 μm (starter), 970.7 μm (grower), 1,117.0 μm (finisher). 2 No Suppl = No supplemental zinc; ZnSO 4 = 80 mg/kg zinc sulfate; Zn-gly = 40 mg/kg zinc sulfate + 40 mg/kg zinc-glycine amino acid chelate; Zn-AA = 40 mg/kg zinc sulfate + 40 mg/kg zinc-amino acid complex; Zn-HMTBA = 40 mg/kg zinc sulfate + 40 mg/kg zinc bis(-2-hydroxy-4-methylthio)butanoic acid. 3 Zn concentration in tibia ash analyzed by ICP at commercial laboratory [27] . 4 SEM = Pooled standard error of the mean. NRC (1994) Zn requirements may not be adequate for juvenile chicks within the parameters of this study. 4. Broilers fed large particle corn diets without supplemental Zn (∼40 mg/kg analyzed total) during the finisher phase, and overall growth phase, grew similarly compared to diets with 80 mg/kg supplemental Zn (∼100 mg/kg analyzed total). Therefore, optimization of particle size has the potential to impact micronutrient requirement. 5. Partially replacing ZnSO 4 with organic Zn chelates had no effect on broiler performance parameters, when supplemented at 80 mg/kg.
CONCLUSIONS AND APPLICATIONS
